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I. INTRODUCTION
Discovered in the 1980s, 1,2 chemically-synthesized semiconducting quantum dots (QDs) demonstrate size-tunable optical and electronic properties originating from quantum confinement of their charge carriers. With broad absorption spectra and high quantum yields, 3 (routinely between 50-80%) QDs are very attractive candidates for a variety of applications. Some of these include usage in light emitting diodes for lighting and displays, 4 in biochemical sensors 5 as fluorescent labels, and in broadband photovoltaic devices. 6 For this last application QDs are particularly promising as viable alternatives to commonly used silicon panels and organic dye sensitized solar cells and concentrators. 7 Cadmium and lead based QDs are more stable than dyes and have high absorption coefficients spanning the ultraviolet, visible, and infrared regions. And given the ease of suspension in various organic polymers, they offer an avenue for inexpensive and flexible photovoltaic devices that can use diffuse solar light without the inconvenient tracking mechanisms currently employed by commercial solar panels.
However, the "stability" of QDs requires qualification. Currently, existing QDs have an average lifetime of 10 000 h. While considerably longer than the photo-bleaching times of conventional organic dyes, all or most of these devices require prolonged exposure to light, moisture, and oxygen. For any commercially viable application this lifetime needs to be at least five times longer. A number of studies have been performed on individual, and ensembles of, QDs to quantify the effects of photo-exposure both in vacuum and under ambient conditions. 8 The typical photo-induced instabilities in the emission of QDs include an initial enhancement of emission intensity when the QDs are exposed to light in the presence of oxygen, 9 followed by a gradual, and ultimately irreversible, decrease of the quantum yield. 10 These intensity variations are sometimes accompanied by spectral drift of the emission wavelength, with the photodarkening phase almost always occurring concurrently with an irreversible blue-shift. 9, 10 The photo-brightening is considered to be a result of the activation of a fraction of the ensemble that was non-radiative prior to photo-exposure. The exact mechanism involved is debatable and possibilities range from surface passivation 10 and charge neutralization 11 to ligand migration 12 and photo etching. 13 The darkening phase is usually associated with photo-oxidation, leading to the creation of non-radiative deep trap states within the bandgap.
14 Oxidation is also considered the cause of the spectral shift to shorter wavelengths. Formation of an oxide layer decreases the core diameter, increasing the quantum confinement and consequently, the bandgap.
In almost all applications, but particularly in photovoltaics, these instabilities are understandably detrimental. Efforts are ongoing with the goal of minimizing these effects and of developing protocols for their rational control. These include using different ligands, 15 thicker shells, 16 polymer suspension media, 17 and others. Some of these studies have hinted at complicated dependence of these effects on the concentration of the sample, which has motivated our study. For designing either QD based solar cells or solar concentrators, the concentration of the active material needs optimization. Efficient solar absorption requires high concentration but that increases self-absorption related losses. 18 Here, we aim to not only understand how the QD quantum yield and other related spectral properties are altered due to photo and oxygen exposure, but to investigate the interplay of photoinduced effects with QD concentration. Using spatially resolved scanning photoluminescence microscopy in conjunction with spectrally resolved time-correlated photon counting measurements, we examine static and dynamic evolution of spectral properties in self-assembled CdSe=ZnS QD films with concentration varying over two orders of magnitude. 
II. EXPERIMENTAL DETAILS
Our samples are prepared using trioctylphosphine oxide capped CdSe=ZnS core-shell QDs in toluene (Evident Technologies, Inc.) with peak emission at 620 nm in solution and core diameters of 5.8 nm. The stock concentration of 17.4 lM is used as is (sample A), while additional concentrations are prepared by diluting the stock solution with anhydrous toluene to 10% and 2% by volume of stock (samples B and C, respectively). The self-assembled films are prepared by the drop-casting method. All measurements are performed in a custom-designed scanning confocal microscope with a diffraction-limited optical resolution of 600 nm and a lateral scanning resolution of 100 nm. The excitation laser is an ultrafast, tunable optical parametric oscillator with a 76 MHz repetition rate and a pulse width of 200 fs. For our measurements the excitation wavelength is tuned to 533 nm and the excitation power varied over a range of 0.1-3 kW=cm 2 . For the spectral analysis the data are collected by a spectrometer (Acton 300i) and dispersed onto a thermo-electrically cooled CCD (resolution $0.18 nm). Time correlated data is collected with a single photon avalanche detector via the spectrometer coupled to a time-correlated single photon counting system (PicoHarp 300) with an instrument response function of 12 ps. All measurements are done at room temperature under ambient conditions. and spatially corresponds to areas where the emission intensity is high. Sample A (not shown) also shows a uniform red-shift over the entire region, similar to sample B. Such spectral red-shift is a result of energy transfer between proximal QDs when short inter-dot separation leads to strong electric dipolar coupling. 19 Also known as Forster resonant energy transfer (FRET), this is a common observation in close-packed samples of QDs, dyes, and other fluorophores, which affects both the static spectrum and the recombination rates of the ensemble We estimate statistical averages of the inter-QD distances to be 7, 12, and 60 nm for samples A, B, and C, respectively, and as FRET is reduced with increasing inter-particle distance, this explains the differences between Figs. 1(b) and 1(d). Our goal is to investigate what effect, if any, this inter-dot interaction has on photo-induced spectral changes.
III. RESULTS AND DISCUSSION
We begin tracking the photo-induced effects by measuring both the spectral intensity and k PEAK as functions of photo-exposure time, shown in Fig. 2 . The quoted excitation powers are the measured incident values. Only 2-4% of this incident power is absorbed by the samples. At low power densities, all samples exhibit photo-brightening [ Fig. 2(a) ] attributed to the activation of a "dark" fraction of QDs in the ensemble. Typically, initial exposure to light in the presence of oxygen causes neutralization of surface charged states, allowing radiative recombination to resume (until stochastic charge transfer from the core again reverses this process). The photo-brightening soon encounters various competitive photo-darkening processes and the increase in emission is arrested, with the intensity equilibrating within 10-15 min of photo exposure. This steady state is maintained in samples B and C for the 45 min period over which we track the intensity, but sample A starts showing a slight, slow decrease. Over the same duration, k PEAK shows a spectral shift toward shorter wavelengths [ Fig. 2(b) ] in the samples. This blueshift is attributed to photo-oxidation. Formation of an oxide layer reduces the core diameter, increasing the quantum confinement of the bandgap. It proceeds at the same linear rate for all concentrations, but begins with a delay that gets longer at higher QD densities. The dilution process used to prepare samples B and C has sometimes been observed to cause partial ligand removal from individual QDs, 20 making these QDs more susceptible to oxidation. Additionally at low concentrations the effective average photon flux per QD is higher due to large absorption cross section, 21 again making the oxidation progress faster. The photo-darkening processes mentioned earlier are of two types. A reversible effect caused by charge trapping in surface states that leaves the core charged and non-radiative, and an irreversible effect related to photo-oxidation. The decrease in emission intensity shown in Figs. 2(a) and 2(c) is driven by the latter. It is notable that in Fig. 2 (a) the emission from sample A starts decreasing faster than in the other two while oxidation itself progresses faster in samples B and C. We believe this to be indicative of some additional effect present at high concentration, which we then examine at higher excitation power densities.
When the excitation power density is increased by a factor of 20 the photo-enhancement period is shortened in all the samples and the photo-darkening begins sooner, as seen in Fig. 2(c) . The darkening rates, however, are nonmonotonic with QD concentration. Comparing only samples B and C would lead to the conclusion that the photo-induced perturbations occur faster with increasing dilution, and prior studies have confirmed this trend. 22 However, similar to Fig.  2(a) , sample A shows a faster emission decay than sample B. The corresponding spectral blue-shift [ Fig. 2(d) ] is much faster than in Fig. 2(b) and can be fitted to bi-exponential decays. All samples exhibit an initial fast decay over a few minutes. The slow decay has a time constant of 20 min in sample C with the blue-shift leveling off after 18 nm; the more concentrated samples have a very different characteristic time scale, longer than what can be extracted from this measurement window. A straightforward calculation demonstrates that the reduction of the core size by one atomic layer for these QDs increases the bandgap by the energy equivalent of 19 nm. 23 The fact that samples A and B may be continuing to apparently blue-shift beyond that is, therefore, unexpected. We note that both excitation powers used are in the linear regime for QD emission for all three samples.
Figures 3(a) and 3(b) show the spectral shape evolution through the first 45 min of photo-excitation for samples B and C at high power. To get a clear understanding of how the spectral shapes change, the intensity has been normalized and the wavelength shifted by subtracting the evolving k PEAK . At low excitation power both samples exhibit a preferential narrowing of the spectral width on the high energy (low wavelength) side. In any ensemble, the smaller QDs tend to photo-oxidize and bleach faster (smaller surface to volume ratio) resulting in such narrowing. 10 At higher power the behavior of sample B remains the same [ Fig. 3(a) ], but the spectral shape for sample C broadens with time. With increasing dilution from sample B to C all photo-induced effects appear to be accelerated, as seen in Figs. 2(c) and 2(d). It is possible the same is being observed here. The spectrum may initially narrow as the smaller QDs darken, but this either occurs too fast to be detected or has negligible effect. The remaining QDs oxidize relatively quickly, which adds to the inherent size inhomogeneity of the ensemble, broadening the emission spectrum. 10 At low excitation power sample A exhibits no spectral shape change over 45 min, which is consistent with the little to no blue-shift seen in Fig. 2(b) . At high power the spectrum starts out with a standard symmetric shape [ Fig. 4(a) ], but within 15 min it broadens asymmetrically with an extended tail in the low wavelength region. As shown in Figs. 4(b) and 4(c), these spectra at later times can only be fit by a convolution of two curves, shown with dashed lines. We designate what appear to be two populations-the "red" (long wavelength) and the "blue" (short wavelength) subsets. The changes in their individual k PEAK , full widths at half maximum (FWHM), and spectrally integrated intensities are shown in Figs. 4(d)-4(f) . The time evolution can be divided into two phases, demarcated by the dashed line. In the first 60 min, peak emission from the red subset [ Fig. 4(d) , open circles] quickly blue-shifts to about 622 nm and stabilizes, while the spectrum narrows [ Fig. 4(e) ] and the emission intensity decreases by a factor of almost 50 [ Fig. 4(f) ]. It is this large drop that contributes to the rapid darkening seen in Fig.  2(c) . Over the same interval the blue subset that shows up centered on 595 nm after the first 15 min shows continuous red-shift [ Fig. 4(d) , solid circles] as the spectrum broadens [ Fig. 4(e) ] while maintaining a small steady emission intensity [ Fig. 4(f) ]. After this time some noteworthy changes 
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Shcherbatyuk, Inman, and Ghosh J. Appl. Phys. 110, 053518 (2011) occur: both red and blue subsets show a blue-shift and the spectra for both starts broadening. Also, by this time the integrated intensity of the blue subset starts dominating, although the near complete darkening results in very low total emission. To understand these observations we note that prior to photo exposure, and for a few minutes immediately after it, the emission peak occurs at 634 nm [ Fig. 4(a) ], 14 nm redder than the 620 nm emission wavelength in solution [dashed line through Figs. 4(a)-4(c) ]. This red-shift is induced by FRET. As soon as photo-darkening begins, the smallest QDs in the ensemble start oxidizing rapidly, which results in FRET being arrested to a great extent. This is inferred from both the emergence of the blue subset with k PEAK at 595 nm and the downward shift of the red subset k PEAK to 622 nm within 15 min. The continued oxidation in the blue subset causes that spectrum to broaden with time, similar to what is observed in sample C [ Fig. 3(b) ]. If this were a less concentrated sample, we speculate that the red subset would not persist. It does so because FRET from the oxidizing smaller QDs does not stop entirely, causing a stronger red emission than expected. We also suggest that persistent FRET from the donor QDs to these larger QDs in the red subset actually speeds up the latter's rates of photo-darkening. The spectrum of the red subset narrows in the first 60 min, indicating that the emission from some fraction of QDs in this set is diminishing, but this is not accompanied by an oxidation-induced blue-shift. The darkening mechanism is therefore most likely not related to the non-radiative trap formation from surface modification by an oxide layer. Instead, it may be similar to an Auger process, 24 which also renders QDs "dark". Although we are not certain about the exact mechanism for darkening of the red subset, the large drop-off in its emission intensity [ Fig. 4(f) ] proves that it certainly happens. This also explains the anomalous photo-darkening observed in Figs. 2(a) and 2(c) . It is not that oxidation occurs faster at high concentrations, but inter-dot interactions lead to energy transfer from the smaller to larger QDs. As a result, the PL of the smaller QDs is quenched, but because the larger QDs become increasingly non-radiative simultaneously, there is no emission at all.
After the first 60 min the photo-induced manifestations follow the more expected norm as progressive oxidation creates enough non-radiative recombination channels in the ensemble to suppress any other effects. The emission from the red subset begins to blue-shift farther, and by the end of 90 min the peak is at 619 nm, almost where we expect the emission to occur when the QD diameter decreases by an atomic monolayer. It also starts broadening, a sign of increasing size inhomogeneity. Emission from the blue subset also starts blue-shifting while undergoing further broadening. The emission intensity of the entire sample is very small at this time but the blue subset is brighter than the red, the opposite of what was observed in the earlier period.
Photo-brightening and darkening affect not only the spectral intensity and wavelength but also alter the recombination dynamics. Previous studies correlating the static and dynamic spectral properties have concentrated on the spectrally integrated PL lifetimes of the quantum dots and have shown that this lifetime can be proportional to the quantum yield. 25 Although this may be adequate at low concentrations, we perform spectrally resolved time-resolved studies and find that this is not necessarily the case for different parts of the emission spectrum. Figures 5(a) -5(c) are recombination times extracted from time-resolved PL traces at a series of emission wavelengths for samples A-C, plotted as functions of the photo-exposure time. The inset in Fig. 5(a) shows the relative spectral positions on the emission curve where the time-resolved data are taken. These are: k PEAK (triangle), k PEAK þ 30 nm (diamond), k PEAK þ 15 nm (inverted triangle), k PEAK À 15 nm (circle) and k PEAK À 30 nm (square). The time-resolved data were fit to a single exponential decay to observe the change in the average lifetime. For each set of recombination times, we indicate the corresponding blue-shift that had occurred in that exposure time period by the dashed enclosure. For consistency, we choose regions where the spectra are red-shifted prior to photo-exposure. There are some similarities in the trends displayed by all the samples, such as the recombination rates increasing with decreasing emission wavelength, consistent with the occurrence of FRET. 19 Obviously, this effect is strongest in sample A where there is a higher probability of donor-acceptor encounters at sufficient close proximity. All samples also display an expected increase in the recombination times during the short brightening phase.
During the darkening phase the changes in lifetimes are strikingly different in the three samples. In sample B [ Fig.  5(b) ], the slight decrease in the recombination dynamics is a result of oxidation of the core forming defects on the surface that act as non-radiative traps. This change is minimal for all wavelengths, which is consistent with the lack of intensity 
053518-4
Shcherbatyuk, Inman, and Ghosh J. Appl. Phys. 110, 053518 (2011) variation during the photo-excitation. We note here that the maximum spectral blue-shift in this sample is only 20 nm, close to the calculated 19 nm value for QD core size reduction by one monolayer, but it occurs on a very long time scale, which prevented our extracting this value from the data shown in Fig. 2(d) . The spectral blue-shift of 20 nm indicates the dots do oxidize, however, reinforcing earlier observations that formation of the oxide layer alone is not enough to prevent inter-dot FRET, as borne out by the persisting spectral distribution of recombination times. In sample C [ Fig. 5(c) ] the initial differences between the spectrally resolved recombination rates are not as varied as in samples A and B, a result of dilution reducing FRET. But during photo-exposure, it shows a similar variation as sample B. These observations in dilute samples indicate that photooxidation and darkening do not affect the collective properties of the ensembles much, and mainly serve to slightly enhance the non-radiative recombination rates. The recombination dynamics in sample A are shown in Fig. 5(a) . To begin with, highly efficient FRET causes relatively fast recombination at shorter wavelengths, and this difference persists through the brightening period. After about 15 min, in agreement with the observations in Fig. 4 , FRET is reduced, resulting in an increase in the lifetimes of the smaller QDs (represented by circles and triangles) by about 25%. The larger QDs also darken and, consistent with the large drop in intensity [ Fig. 4(f), open circles] , their recombination times shorten by 50% within 60 min. At this time, the lifetimes for all parts of the spectrum seem to collapse and converge in a narrow range around 10 ns. After that there are no further changes, and from Fig. 4(d) we now know that the 30 nm blue-shift of the emission peak is due to the redistribution of the spectral weight among the red and blue subsets of the ensemble. Within each subset the blueshift does not exceed more than what a QD shrinking by a monolayer would cause.
IV. CONCLUSIONS
Our studies correlating the concentration of QD samples to their static and dynamic spectral evolution reveal unusual results in highly concentrated self-assembled films. On the basis of prior research, photo-induced darkening is typically expected to increase with dilution. This is verified here as well, but only in the low concentration limit. With increased close-packing, our most concentrated sample exhibits strong inter-particle energy transfer both in the form of red-shifted emission and in a spectrally varied distribution of recombination times. On exposure to ambient conditions, we observe a discrepancy in how photo-darkening and=or oxidation proceeds in the smaller and larger fractions of the QDs in these ensembles, and the contributions from each subset can be individually identified in the resultant spectra at later times. We infer that unlike in dilute samples where the oxidation is most probably the only cause of photo-darkening, here continuous FRET actually leads to some QDs becoming nonradiative even without oxidation. That leads to PL quenching from the entire collection and shows up as a rapid darkening at par with the rates seen in most dilute samples. The timeresolved studies support these conclusions where the recombination rates in the largest QDs are greatly enhanced, while the smaller QDs appear relatively unaffected.
It is interesting to note that this appearance of a bimodal distribution in the emission spectra has been observed often in chemically synthesized lead sulfide (PbS) QDs by many groups. 26 The appearance of a second, low wavelength peak has not been adequately explained. We believe is it the same effect as that we observe here in the most concentrated sample. As PbS QDs are synthesized without a shell, the photo-induced effects speed up a lot, often by a factor of 10. It is not surprising that most groups have always observed a two-peak spectrum in these QDs, even without significant photo-exposure. 
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